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Understanding the pattern of linkage disequilibrium (LD) in the human genome is important both for successful
implementation of disease-gene mapping approaches and for inferences about human demographic histories. Pre-
vious studies have examined LD between loci within single genes or confined genomic regions, which may not be
representative of the genome; between loci separated by large distances, where little LD is seen; or in population
groups that differ from one study to the next. We measured LD in a large set of locus pairs distributed throughout
the genome, with loci within each pair separated by short distances (average 124 bp). Given current models of the
history of the human population, nearly all pairs of loci at such short distances would be expected to show complete
LD as a consequence of lack of recombination in the short interval. Contrary to this expectation, a significant
fraction of pairs showed incomplete LD. A standard model of recombination applied to these data leads to an
estimate of effective human population size of 110,000. This estimate is an order of magnitude higher than most
estimates based on nucleotide diversity. The most likely explanation of this discrepancy is that gene conversion
increases the apparent rate of recombination between nearby loci.
Introduction
With the completion of a reference human genome se-
quence in sight (International Human Genome Sequenc-
ing Consortium 2001), attention is shifting to sequence
variation. Most of this variation is in the form of single-
nucleotide polymorphisms (SNPs). Large numbers of
SNPs throughout the human genome have now been
discovered and mapped (The International SNP Map
Working Group 2001). SNP-discovery efforts have been
carried out with the belief that these polymorphisms ei-
ther will turn out to be the causative mutations in human
complex disease or can be used as markers to map such
mutations by linkage disequilibrium (LD) (Collins et al.
1997). The success of LD-mapping approaches based on
a genomewide map of SNPs will depend in large part
on the extent of LD between loci. LD can be influenced
by a number of factors. These include forces that act on
individual genomic regions (such as natural selection and
the rates of mutation and recombination), as well as
forces that have affected the entire genome (effective
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population size, population expansions and bottlenecks,
population subdivision, and gene flow). Thus, patterns
of LD are expected to vary from one region of the ge-
nome to another, as well as among populations.
Previous studies have demonstrated a nonuniform
distribution of LD on a chromosomal scale, using es-
timates of LD based on microsatellite CEPH-Genethon
data (Huttley et al. 1999), as well as population dif-
ferences in the extent of LD (Eaves et al. 2000; Goddard
et al. 2000; Kidd et al. 2000; Taillon-Miller et al. 2000).
Most current estimates of LD are derived from disparate
populations or single genomic regions (Clark et al.
1998; Fullerton et al. 2000; Kidd et al. 2000; Nickerson
et al. 2000; Tishkoff et al. 2000) and are still too few
to provide general insights into the patterns and distri-
bution of LD, although data from larger populations
and regions are beginning to emerge (e.g., Dunning et
al. 2000; Abecasis et al. 2001). Variation in LD among
studies is illustrated by a summary of five large single-
gene studies (Pzreworski et al. 2000), in which three
show complete LD over at least 2.5 kb, while two show
rapid decline of LD. Thus, even as dense SNP maps are
becoming available, key questions remain concerning
the distribution of LD between SNPs throughout the
genome.
We set out to examine LD in a genomewide collection
of locus pairs. For practical reasons, we chose pairs
separated by short distances. SNPs are typically detected
by comparing the sequences of a short unique stretch
of DNA among individuals (such stretches of DNA are
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commonly known as “sequence-tagged sites” [STSs]).
To examine LD between SNPs, we drew on three large-
scale SNP-discovery efforts to assemble a collection of
103 STSs that each contained multiple SNPs (a total of
325 SNPs). The STSs are distributed throughout the
genome (including chromosomes 1–19, 22, and X). We
sequenced these STSs in a globally representative sample
of 47 individuals (94 chromosomes) and measured LD
between SNPs on the same STS. We report that signif-
icantly more SNP pairs show incomplete LD thanwould
be expected on the basis of accepted values of effective
human population size and recombination rate, and we
discuss possible explanations for this observation.
Subjects, Material, and Methods
Samples and Loci
The study sample comprised 10 individuals from Eu-
rope, 19 from Asia and the Pacific Islands, 4 from the
Americas, and 14 from central and northeast Africa.
Many of these samples overlap with those described by
Cargill et al. (1999). One common chimpanzee (Pan
troglodytes) was also sequenced.
All STS regions were chosen with prior knowledge
that they contained at least two SNPs. These STS
regions, and the SNPs within them, were ascertained in
three separate studies. Forty-one STSs (group 1) were
chosen from the STSs surveyed by Wang et al. (1998).
One-third of the STSs in that survey were derived from
random genomic sequence, and two-thirds were from
the 3′ ends of expressed sequence tags, primarily the
untranslated regions of genes. These STSs have a size
range of 58–430 bp (average 232 bp). Twenty-eight STSs
(group 2) were derived from the genes sequenced by
Cargill et al. (1999) and are located primarily within
coding sequence. These regions are defined by a primer
pair designed to amplify primarily coding sequence from
genomic DNA, and they have a size range of 175–725
bp (average 436 bp). The remaining 34 regions (group
3) were derived from a reduced representation shotgun
(RRS) library used by The SNP Consortium (Altshuler
et al. 2000). These are random genomic regions with a
size range of 160–540 bp (average 354 bp).
Genotyping
All markers were genotyped by ABI sequencing of
each STS. Sequences were base-called and assembled,
and polymorphic sites were identified by the PolyPhred
program with default settings (Nickerson et al. 1997).
Results were visually inspected and verified by two ob-
servers. Sequencing was performed in the forward di-
rection only; however, extensive confirmatory resequenc-
ing and data-validation procedures were carried out. All
SNPs for which the minor allele was seen only once or
twice in the sample, as well as all newly discovered SNPs,
were resequenced three times to confirm genotypes. Ad-
ditionally, on average, 22% of all individuals were fully
resequenced at least two times and had their genotypes
revalidated for each STS region. We discarded from fur-
ther analyses those SNPs for which the minor allele was
seen only once in our sample (35 SNPs), as well as two
insertion/deletions.
Analysis of Data
Given the current views on the history of the human
population, pairs of SNPs spaced at very short intervals
are expected to exist in complete LD. That is, one would
expect to observe only three of the four possible haplo-
types. The fourth haplotype could arise through break-
down of LD by recombination, recurrent mutation, or
gene conversion. We sought to determine the frequency
with which all four haplotypes could be observed for
nearby loci.
LD is often measured by one of several coefficients
that reflect departures of two-locus haplotype frequen-
cies from those expected if the loci were independent
(Devlin and Risch 1995; Jorde 2000). These measures
are not ideal for the present study, because (a) they are
not sensitive to small departures from complete LD that
might occur at very short distances and (b) they are
sensitive to allele frequency. To quantify the breakdown
of LD, we used a measure, RM, which counts the min-
imum number of recombination events in the history of
the sample that are necessary to explain the observed
data (Hudson and Kaplan 1985). This measure has pre-
viously been used to estimate the rate of recombination
in the apolipoprotein AI-CIII-AIV gene cluster (Anton-
arakis et al. 1988). A recombination event is inferred
when all four haplotypes are observed for a pair of loci.
For a single STS, RM is the number of nonoverlapping
SNP pairs that show all four haplotypes. When tabu-
lating such events, we conservatively considered only
locus pairs for which all four haplotypes were unam-
biguously observed in the data (that is, not hidden in
double heterozygotes). For those locus pairs considered
most likely to have a hidden fourth haplotype present
(∼10% of STSs), haplotypes were resolved empirically
by use of allele-specific PCR. There were no instances
in which the fourth haplotype was uncovered through
allele-specific PCR.
The inference of a recombination event from the
observation of four haplotypes is valid only under the
infinite-sites model (Kimura 1969), because recurrent
mutation can also result in the presence of all four hap-
lotypes. Although most SNPs are thought to arise from
unique mutational events, some sites (including CpG
dinucleotides and some repetitive sequences) are believed
to be highly mutable and subject to recurrent mutation
(Templeton et al. 2000). To obtain a conservative esti-
mate of RM, we removed all CpGs and sites that fell
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Table 1
SNP Minor Allele-Frequency Distributions for
the Real and Simulated Data Sets












within mononucleotide repeats of 15 bp (85 SNPs or
∼30%) from the data set. The inclusion of these sites
would have raised the observed RM from 7 to 19.
Coalescent Simulations
We used the coalescent approach (Hudson 1983) to
simulate the history of our sample for different values
of 4Nr. We then calculated the mean and the distribution
of RM.
For each value of 4Nr, we carried out two sets of
simulations. In the first set (type I simulations), random
genealogies of our sample were generated for each STS,
using the coalescent model with recombination (Hudson
1983). A simulated genealogy was accepted if, at the
positions where SNPs are observed on the corresponding
STS, the trees contained branches such that mutations
on those branches would match the number of obser-
vations of each allele in the sample. For the accepted
genealogies, mutations were placed on these branches,
and the resulting genotype observations were added to
the simulated data set. If several choices of a branch
were available, a single branch was randomly selected,
with probability proportional to its length. For each
value of 4Nr, 1,000 genealogies were generated for each
STS. This set of simulations exactly matched the SNP
number, allele frequencies, and SNP spacing of each STS.
The software used to carry out these simulations is avail-
able on our Web site.
A concern with this set of simulations is that for each
STS, the number of SNPs and their allele frequencies
and positions were assigned a priori and placed on ran-
domly generated genealogies. In fact, given the size of
our sample and the levels of human-nucleotide diversity,
most genomic regions of the size considered here would
not be expected to contain multiple SNPs. By choosing
regions that do contain multiple SNPs, we are likely to
enrich for regions of the genome that have older gene-
alogies with more opportunity for mutation. Such deep
genealogies would also allow more opportunity for re-
combination, potentially biasing the real data set to
higher RM values than are predicted by our simulation.
To address this potential bias, we carried out a second
set of simulations (type II). These simulations were per-
formed using the program mksamples, which is distrib-
uted by R. Hudson through his Web site (Hudson 1983).
For each value of 4Nr,we generated random genealogies
and placed mutations on these genealogies according to
a Poisson process with the rate set by the observed
nucleotide diversity in humans ( ). As in44Nmp 8# 10
the real data set, we then discarded all STSs that did not
contain at least two SNPs with both alleles observed at
least twice in the simulated sample. Most genealogies
were rejected by these criteria. Only those genealogies
with two, three, or four SNPs and with all SNP alleles
observed at least twice were retained for further analysis.
We then selected a subset of these genealogies with mul-
tiple SNPs that matched the average SNP number, SNP
spacing, and SNP allele-frequency distribution of our
data set. Specifically, for STSs with two SNPs, we gen-
erated 107 genealogies for segments of 285 bp each, and
we then selected those with exactly two SNPs separated
by 45 bp (average spacing 125 bp [same as in the real
data set]). We then binned these simulated STSs accord-
ing to the geometric average of the two minor-allele fre-
quencies. The geometric average was chosen because it
is the square root of the frequency of the rarest haplotype
under linkage equilibrium. A similar procedure was fol-
lowed for STSs with three and four SNPs—except that
(a) for STSs with three SNPs, segment length was 365
bp; (b) the largest distance between two SNPs was set
to a minimum of 50 bp; and (c) the smallest distance
was set to a minimum of 10 bp. For STSs with four
SNPs, segment length was 420 bp, the largest distance
between two SNPs was set to a maximum of 300 bp,
and the smallest distance was set to a minimum of 10
bp. The average distance between SNPs was 130 bp and
121 bp, compared with 132 and 108 bp for the real
data, on STSs with three and four SNPs, respectively.
The arithmetic mean of the geometric average of minor-
allele frequencies for each SNP pair was used to define
the frequency bins. We calculated the distribution of RM
by randomly selecting simulated STSs from the binned
set, such that the number of STSs with two, three, or
more SNPs, as well as the number in each frequency bin,
matched the real data set. The allele-frequency distri-
butions of the real and simulated data sets are given in
table 1. The nucleotide diversity for both sets was
. As expected, this is much higher than for32.5# 10
the genome as a whole, because we selected for regions
of high polymorphism. We then combined the RM values
for the 68 simulated STSs. This sampling was repeated
1,000 times to obtain the distribution of RM. This set of
simulations, together with the ones including gene con-
version (see below) required generating a total of 750
million genealogies and produced results very similar to
those obtained from type I simulations.
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Figure 1 Expected number of obligate recombination events
(RM) as a function of population recombination parameter 4Nr.
Dashed line indicates the observed value of . Each blackenedR p 7M
circle is an average over 1,000 simulated replicates of the data. Vertical
bars show the values that fall at 2.5%–97.5% of the simulated
distribution.
To assess the accuracy of matching between the real
and simulated data sets—and also to understand the
magnitude of the bias introduced by use of random
genealogies versus those conditioned on polymor-
phism—we carried out type I simulations for simulated
data sets generated by type II simulations for values of
4Nr between and . We found that4 34# 10 9.6# 10
type I simulations produced estimates of RM that were
∼10% lower than the actual values in the simulated (type
II) data, indicating that only a small bias in observed
recombination is caused by greater genealogy depth of
regions with higher polymorphism. For example, for
, the type I simulation underestimated34Nrp 4.8# 10
the actual value by 11% (expected RM values for type
I and type II simulations were 6.7 and 7.5 for the 68
STSs). Because of the similarity of results from the two
types of simulations, we conservatively use the results
of type II simulations in figure 1 and the text.
To simulate the effect of variation in recombination
rate, we assumed that the rate is increased by a factor
of 1/a for a fraction a of the genome, while the rest of
the genome does not recombine. Note that the overall
rate of recombination per genome is kept fixed at its
known value by this assumption. We assigned STSs to
groups with recombination rate r/a or 0 with probabil-
ities a and 1a, respectively. We then computed the
expected number of recombination events. The simu-
lations were carried out for a range of to 20.1/ap 1.5
Simulations with gene conversion were carried out
with mksamples, which implements the model of Wiuf
and Hein (2000). We used parameter track_len p 500
for the average conversion tract length, measured in base
pairs, and carried out type II simulations, as described
above, with the ratio f of conversion to recombination
events ranging from 0 to 12.
Results
Our final data set consists of 68 STS regions with more
than one SNP, of which 38 contain two SNPs, 19 contain
three SNPs, 10 contain four SNPs, and 1 contains five
SNPs (a total of 178 SNPs). Of the 165 overlapping pairs
of SNPs on the same STS, 12 unambiguously show all
four haplotypes. When the overlaps between pairs on
the same STS are taken into account, at least seven ob-
ligate recombination events on six STSs are needed to
explain the observed data (i.e., RM p 7). Every event is
supported by at least two unambiguous observations of
each of the four haplotypes. Observations of the rarest
haplotype are distributed across samples of different
geographic origin. The actual number of recombination
events in the history of the sample is likely much higher
than seven, because RM is known to provide an under-
estimate (Hudson and Kaplan 1985).
We next sought to estimate population parameters
consistent with the observation of . Under theR p 7M
standard neutral model (Przeworski et al. 2000), the
expected number of recombination events observed in
a sample is determined by the parameter 4Nr, where N
is the effective population size and r is the recombina-
tion rate per nucleotide per generation. The average
recombination rate in humans, 1 cM per Mb, corre-
sponds to and, together with the frequently8rp 10
cited value of (e.g., Harpending et al.Np 10,000
1998, Harris and Hey 1999), yields .44Nrp 4# 10
We used the coalescent approach (Hudson 1983) to sim-
ulate the history of our sample for different values of
4Nr between and and calculated4 34# 10 9.6# 10
the mean and the distribution of RM. With 4Nrp
, the expected value of RM is !1; 98% of the
44# 10
replicates give RM  2; and the highest value observed
in 1,000 simulated replicates of the data is (aR p 5M
value that is observed once). A mean value of R pM
is obtained at (fig. 1). We can con-37 4Nr ≈ 4.4# 10
fine 4Nr to the range of to with3 32.4# 10 8.8# 10
95% confidence (fig. 1).
Discussion
Our estimate of , together with a re-34Nrp 4.4# 10
combination rate , leads to a recombination-8rp 10
based estimate of effective human population size Np
110,000. This estimate is 11-fold higher than the fre-
quently cited value of Np 10,000 (e.g., Harpending et
al. 1998; Harris and Hey 1999). If , then Np8rp 10
10,000 is clearly excluded by our data. Estimates of
effective population size based on sequence diversity rely
on the nucleotide mutation rate, which, in humans, is
estimated to be on the order of per base pair82# 10
per generation (Drake et al. 1998; Nachman et al. 1998).
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For a typical nucleotide diversity of ∼ (Wang48# 10
et al. 1998; Cargill et al. 1999; Halushka et al. 1999;
Przeworski et al. 2000; The International SNP Map
Working Group 2001), the estimate Np 110,000
would imply a mutation rate of ∼ , an order of92# 10
magnitude too low. On the basis of estimates derived
from diversity of HLA, mitochondria, and the Y chro-
mosome, Ayala (1995) argued that the effective long-
term human population size is closer to 100,000 than
10,000, which would be consistent with our recombi-
nation-based estimate. However, most other recent es-
timates ofN are consistent with a lower value of 10,000.
Why are we seeing significantly more apparent recom-
bination events than would be predicted from the gen-
erally accepted values of N and r?
While a larger ancestral effective population size is
one explanation for our observation of a high RM, it is
not the only one. There are several possible reasons for
the discrepancy between observed and predicted values
ofRM, some of which we think are unlikely. Our analysis
would overestimate the frequency of historical recom-
bination if some of what we consider obligate recom-
bination events were, despite the exclusion of sites
known to be highly mutable, the result of recurrent
mutation. In principle, two tests could be used to dis-
criminate between recombination and recurrent muta-
tion. First, the probability of recombination increases
with distance between two SNPs, while the probability
of recurrent mutation does not. The seven events occur
on STSs that are somewhat longer than average (369
bp vs. 330 bp), but this difference is not statistically
significant. Second, when three nearby sites are consid-
ered, observation of all four haplotypes at sites 1 and
2 and at sites 2 and 3 can be explained by a single
recurrent mutation at the middle site but would require
the unlikely occurrence of two recombination events.
None of the four STSs that contain three or more SNPs
and show all four haplotypes for at least one pair of
sites fall into this category. Two can be explained with
either a single recurrent mutation or a single recombi-
nation, one can be explained with a single recombi-
nation but would require recurrent mutation at two or
more sites, and one requires two events of either type.
Once again, these data are not sufficient to provide sta-
tistically significant evidence against recurrent muta-
tion, but they are consistent with a recombination-only
explanation.
An additional concern is that in choosing regions con-
taining two or more SNPs, we may have chosen regions
that have a higher mutation rate (although the studies
reporting these SNPs did not find an unexpectedly high
fraction of STSs with multiple SNPs [Wang et al. 1998;
Cargill et al. 1999; Altshuler at al. 2000]). We examined
the human-chimpanzee divergence rates for our regions.
Eighty-four percent of all STSs were successfully am-
plified and sequenced in the chimpanzee, and overall
human-chimpanzee sequence divergencewas 1%.While
the mean human-chimpanzee divergence was lower for
group 2 STSs, which lie primarily in coding regions, this
difference was not significant, suggesting no overall dif-
ferences in mutation rates between the groups. Most
importantly, the divergence rate is similar to that re-
ported for the genome as a whole (Nachman et al. 1998,
Hacia et al. 1999).
Another potential explanation for our data is that
recombination across the genome is highly nonuniform
and that our STSs with obligate recombination events
fall into high-recombination regions. An extreme ver-
sion of this model would postulate that the genome
consists of nonrecombining blocks separated by regions
of high recombination. Because the overall rate of re-
combination per genome is well established, our results
would then suggest that the high-recombination regions
constitute ∼10% of the genome. We carried out simu-
lations to estimate the effect of such variation in re-
combination rate on our estimate of 4Nr. The results
showed that for a given 4Nr, the expected value of RM
is actually lower when recombination rate is variable,
and thus an even higher value of 4Nrwould be required
to explain the observed data.
As described above, the SNP markers in the present
study were derived from three different studies, each of
which differed in the total number and the relative pop-
ulation diversity of the samples in which the SNPs were
originally discovered. The bias that results from the var-
iability in the ascertainment of SNPs can influence allele
frequency and demographic inference. Among the three
source groups we surveyed, bias is greatest in groups 1
and 3, where a much smaller sample was used for initial
SNP discovery, and is least in group 2, because of con-
siderable overlap between the initial discovery sample
and the sample used in the present study. We might
expect the groups with a smaller discovery sample to
contain a greater proportion of common, older SNPs,
which are more likely to have experienced recombina-
tion events. We therefore examined whether RM values
differed among groups. Of the seven obligate recom-
bination events, one was on an STS from group 1, two
on STSs from group 2, and four on STSs from group
3. These numbers were not significantly different from
expectation, given the total amount of sequence from
each source (6,613 bp, 5,657 bp, and 10,184 bp, re-
spectively), suggesting that we do not see a systematic
bias in our measurement of RM. The specific effects of
ascertainment are complex and are considered for these
data in greater detail in another manuscript (J. Wakeley,
R. Nielsen, K. Ardlie, S. N. Liu-Cordero, and E. S.
Lander, unpublished data).
We believe that the most likely explanation for our
observed excess of historical recombination is gene con-
Ardlie et al.: Linkage Disequilibrium and Gene Conversion 587
version. There is growing recognition that gene con-
version can be a factor in shaping fine-structure patterns
of LD. A high rate of conversion events in HLA-DPB1
was reported by Zangenberg et al. (1995). Analyses by
Andolfatto and Nordborg (1998), Wiuf (2000), and
Wiuf and Hein (2000) demonstrate that, at intragenic
distances, gene conversion, rather than crossing over, is
likely to be the dominant force that breaks up sites, and
that gene conversion might account for the demon-
strated lack of intralocus associations found in Dro-
sophila melanogaster. Gene conversion increases the
rate of exchange for closely linked sites but has negli-
gible effects for more distant sites—as intersite distance
increases, gene-conversion events that affect one of the
sites become rare compared with crossovers between
the sites. Indeed, gene conversion should contribute sig-
nificantly to the apparent rate of recombination only
when the distance between two sites is not appreciably
greater than the length of a gene-conversion tract (An-
dofatto and Nordborg 1998).
A rough idea of the effects of gene conversion can be
obtained from the following highly simplifiedmodel (see
also Andofatto and Nordborg 1998; Wiuf 2000; Wiuf
and Hein 2000). Assume that H Holliday junctions are
formed for each reciprocal crossing-over event in a ge-
nome, and that each junction is accompanied by a tract
of conversion of fixed length L. It is then easy to show
that the apparent rate of recombination between sites
separated by distances is 2Hdr. For sites separatedd ! L
by distances , the apparent rate of recombinationd 1 L
is , which is of order dr for (asdr Lr(2H 1) d 11 L
would be expected without gene conversion). Note that
the apparent rate for is independent of L. Thed ! L
length L of gene-conversion tracts is generally thought
to be in the range of 350–1,000 bp, and thus at the
distances between loci considered in this article, the ap-
parent rate of recombination should be enhanced by a
factor of 2H. The value of H is not known in humans
but tends to fall in the range of 1–5 for organisms (Sac-
charomyces cerevisiae, Neurospora crassa, and D. me-
lanogaster) in which it has been measured (Foss et al.
1993). A value of should lower our estimate ofHp 5
4Nr 10-fold, bringing it in line with expectation from
the generally accepted values of N and r. We tested this
prediction by performing simulations that incorporate
the gene-conversion model of Wiuf and Hein (2000)
with . The results indicate that a ratio44Nrp 4# 10
of conversion events to recombination events in the
range of 3–10 is consistent with our data, with a ratio
of 6 providing the best fit.
A recent review of the literature found inR p 55M
a total of 71,824 bp of sequence from 15 independent
regions—a rate of historical recombination events even
higher than our observation of in 22,454 bpR p 7M
(Przeworski et al. 2000). The difference could reflect the
fact that the analysis of Przeworski et al. included longer
regions and did not exclude highly mutable sites. Prze-
worski and Wall (2001) reanalyzed publicly available
polymorphism data for nine loci and found evidence for
more recombination than would be expected on the
basis of estimates of recombination rates derived from
an integration of genetic and physical maps. A model
that incorporated gene conversion showed a better fit
to the data than did a model of crossing-over only but
was not sufficient to completely explain the data. These
authors considered values and ; a higherHp 1 Hp 2
value of H could potentially explain their observations.
A final possibility is that a high value of RM might
also reflect the effect of population subdivision and/or
admixture. A realistic demographic model for humans
is likely to be complex, and population structure has
been documented for humans, particularly in African
populations (Tishkoff et al. 2000; J. Wakeley, R. Niel-
sen, K. Ardlie, S. N. Liu-Cordero, and E. S. Lander,
unpublished data). A high value of RM is unlikely under
population structure alone, as haplotypes in different
subpopulations should have a low chance of recombin-
ing with one another (Przeworski andWall 2001).How-
ever, it could result from recent admixture of formerly
subdivided populations, combined with some amount
of recombination or gene conversion. Such an example
is provided by the dpp locus in Drosophila (Richter et
al. 1997), where a lack of LD at short distances, together
with a clade structure of haplotypes, indicated that the
population surveyed was a mixture of several divergent
haplotypes that had recently recombined, probably
through gene conversion, although insufficiently to
bring the population to linkage equilibrium.
The present study provides a genomewide look at LD
over short distances. We point out that factors such as
gene conversion make it difficult to extrapolate prop-
erties of LD from short to long distances and, probably,
from one region to another. A more-complete charac-
terization of LD in the human genome will thus require
both a better understanding of molecular processes—
such as mutation, recombination, and conversion—and
the use of direct genomewide measurements covering a
large range of distances.
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